Ever since being described by Mountcastle (Mountcastle, 1957) , columnar organization of sensory cortical areas has provided key leverage into understanding the functional organization of neocortex. Columnar or clustered
Introduction
Two forms of topographic organization are widespread in sensory cortical areas: systematic maps of relevant stimulus attributes and columnar organization. Columns, or groups of neurons, sharing similar properties across laminae are found in essentially all sensory cortices. In visual cortex, columns representing specific stimulus attributes are seen in both striate and extrastriate cortex, and on both the dorsal and ventral pathways. Attributes organized in this way include orientation, ocular dominance, disparity, spatial frequency, color, and motion direction (Hubel & Wiesel, 1968; Albright et al., 1984; Livingstone & Hubel, 1984; Roe & T'so, 1995) . However, as one reaches the highest levels of either pathway, descriptions of columnar organization become more rare. In fact, reports of columnar organization in IT cortex, at the apex of the ventral pathway, are quite scarce, and none documents such an organization at the highest levels of the dorsal pathway.
One hypothesis for the widespread presence of columnar organization depends on computational necessity-information for neuronal computation must be present within the span of local circuits. Under this hypothesis, the paucity of documented columnar organization in higher levels of visual cortex appears puzzling, since one would expect similar organization in such areas as well. One explanation for this lies in the more complex response selectivities of such higher levels. If one is not certain what dimensions are represented in any area, then it becomes difficult to investigate the topography of the area. For this problem, areas on the dorsal pathway appear well suited for study, since quite a bit is known about what stimulus attributes are represented. Specifically, dimensions of visual stimulus motion appear highly represented in areas MT and MST (Dubner & Zeki, 1971; Tanaka et al., 1986) . Both areas contain high proportions of cells selective for visual motion, al-though of somewhat different type. MT appears more selective for linear (also referred to as planar or translational) motion, while MST contains many cells selective for more complex motion stimuli, containing components of radial, rotary, or shear motion Tanaka et al., 1986 Duffy & Wurtz, 1991 , 1997 Bradley et al., 1996) . In area MT, columnar organization for direction (Zeki, 1974; Maunsell & Van Essen, 1983; Albright et al., 1984) and stimulus extent (Born & Tootell, 1992) have been reported. However, in area MST, despite many studies, no clear documentation of columnar organization is available. In this paper, I apply stimuli similar to those which have been used in other studies of MST, and specifically address the question of topographic organization. The results clearly indicate that similar selectivities are found in near proximity, with good correspondence extending for distances of approximately half a millimeter, revealing clustered or columnar organization in this area as well.
Materials and methods

Recording
Monkeys were comfortably seated in a primate chair, and required to maintain fixation on a small point on the screen (window size was between 1.5 and 3 deg full width). Prior to recording, the monkeys were equipped with a head restraint post, a scleral search coil (Judge et al., 1980) , and a recording cylinder over occipital cortex. These fixtures were installed under deep anesthesia using sterile technique in a dedicated primate surgical facility. The animals' water intake was restricted, and fluid rewards were delivered for correct performance. All animal procedures complied with USDA guidelines, and were approved by the UC Davis Animal Care and Use Committee.
Stainless-steel guide tubes were inserted into a grid within the recording cylinder (Crist et al., 1988) , and fine parylene-coated tungsten microelectrodes (Micro-Probe Inc., Potomac, MD; tip exposures 15-30 mm, impedance 0.5-1.5 MV) were inserted into the brain through the guide tube. Single-and multiple-unit activity was recorded using standard techniques. A time-amplitude window discriminator (Bak Electronics, Rockville, MD) was used to convert the amplified, filtered, neural signal to TTL pulses, which the computer subsequently sampled at 1 kHz. For single-unit recording, conservative isolation criteria were employed; some action potentials were occasionally missed, but false positives were avoided entirely. For multiple-unit recording, one window boundary was brought into the "hash" of unresolved activity, and a maintained rate of 30-150 impulses0s was targeted. This allowed adequate dynamic range with 1-kHz sampling, although some compression of high firing rates was unavoidable, due to multiple spikes occurring in the 1-ms sampling interval. Responses were collected by a computer running REX software (Hays et al., 1982) . This computer also monitored the animal's eye movements, controlled visual stimuli, and gave rewards for successfully completed trials.
MST is located on the floor and anterior bank of the superior temporal sulcus (STS), and was approached from a posterior direction, with the electrodes directed approximately 20 deg below horizontal in a parasagittal plane. The electrode was advanced while using locally effective search stimuli (moving bars or dot fields), and MST was identified using a combination of anatomical and physiological landmarks similar to those of Celebrini and Newsome (Celebrini & Newsome, 1994) . The STS was first localized using depth from the cortical surface as a guide, and physiological landmarks were used to find both MT and MST. To confirm that recording locations were in MST, one of the following three conditions had to be met previously on the penetration: (1) Receptive fields (RFs) with a diameter in excess of twice their center eccentricity, and (2) RFs including the fovea, or (3) RFs crossing the vertical meridian by more than 10 deg. In one of the two monkeys, the physiological criteria were confirmed. Small injections of the fluorescent tracers fluoro-ruby and fluoro-emerald were placed in physiologically identified locations in MST, 2 weeks prior to euthanasia of the animal. Recovery of the injection sites demonstrated that they were in the anticipated locations in the STS, with respect to myeloarchitectural landmarks (Allman & Kaas, 1971; Van Essen et al., 1981; Ungerleider & Desimone, 1986) . The bulk of the penetrations were targeted at the dorsal subdivision of area MST (MSTd), though confirmation of this will require more complete histology.
Once the electrode was positioned in a responsive region in MST, quantitative data collection commenced. When possible, both single-and multiple-unit activity would be isolated, and care was taken that the single-unit spike would not be a component of the multiple-unit activity measured at the same site, so as to minimize the chance of artifactual correlation between the responses of each. Quantitative data were collected every 50-100 mm along a penetration until either the gray matter ended or the responses became weak or untuned.
Stimuli
Three different kinds of optic flow stimuli were employed, two of which are illustrated in Fig. 1 . The first stimulus type (A-E), here termed "heading stimuli," is similar to those which have been used extensively in both psychophysical and physiological studies of heading perception (e.g. Warren & Hannon, 1988; Royden et al., 1992; Duffy & Wurtz, 1995; Bradley et al., 1996) . These simulated translation in three-dimensional (3-D) space, and consisted of orthographically projected clouds of dots with either 400 or 2000 points (different versions of the display software), uniformly distributed in a cubic volume, which moved simulating a range of possible trajectories between 50 deg left and 50 deg right (with respect to "dead ahead") along a horizontal plane of zero elevation. The dot lifetime was unlimited, so the motion was 100% coherent, and nonmotion cues to depth such as dot size or disparity were eliminated. Usually nine evenly spaced headings were presented, each for five or 10 repetitions, in a pseudorandomly interleaved order.
The second class of stimuli consisted of two-dimensional optic flow stimuli termed "spiral space" (which is how they will be referred to here) by Graziano et al. (1990) , and similar to those used by Duffy and Wurtz (Duffy & Wurtz, 1991 , 1997 . These are illustrated in Figs. 1F-1I . These stimuli contain mixtures of radial and rotary motion around some specified center. The direction of each dot varies with polar angle around the center, and a single phase-angle parameter differentiates these stimuli. Four directions are shown: clockwise (CW) rotation, CW expansion, expansion, and counterclockwise (CCW) contraction, which correspond to 45-deg intervals in phase angle. Each of these has a graphically indistinguishable opposite direction of motion, also presented. For all, the speed of the dots increased linearly with distance from the center. Artifacts from the dispersal or aggregation of dots from radial motion were minimized by lowering the motion coherence to 75%. On each frame each dot had an independent, 75% probability of being replotted. Thus, the variable length vectors in the figure correspond to varying dot lifetimes, not to varying speeds, as for the heading stimuli.
The third class of stimuli (not illustrated) consisted of linear uniform motion in the four cardinal directions. This motion was 100% coherent, at the preferred speed. A standard data set consisted of a block of heading tuning measurements, followed by another block of interleaved linear and "spiral space" stimuli. For both spiral space and linear dot stimuli, the dot density was held fixed at 1.0 dots0deg 2 .
Results
A good example of a penetration through MST is shown in Fig. 2 .
The line across the top shows the progression of recording locations. Tuning to each of the types of stimuli 2 was measured at five locations spanning about 0.5 mm, and the results are shown in Figs. 2A-2C . Note the consistent tuning for the first four sites in Fig. 2A , the first three in Fig. 2B , and the somewhat less consistent tuning in Fig. 2C . This suggests that nearby locations are similarly tuned, indicating some form of clustered organization. Furthermore, the somewhat asynchronous changes of tuning to the different stimulus types clearly indicate that as the recordings progressed, different neuronal populations were being sampled. The numbers between panels indicate the correlation coefficient between the indicated, which show the expected high correlations between similarly tuned sites.
Inspection of the example penetration shown in Fig. 2 also shows another aspect of the data, in the relationship between the different kinds of tunings made at the same locations. Specifically, note that the first three locations, which show the best selectivity for left headings, also show good selectivity for rightwards linear dot motion. This is to be expected because of the necessary relationship between these forms of optic flow. Such a relationship was common in our data, and across the sample was statistically significant (r ϭ Ϫ0.365, P ϭ 0.01). While other recordings with either band-pass or band-reject tuning for central headings were more rare in our data, they usually showed the expected preference for expansion and contraction, respectively.
A single example is suggestive of clustering of tuning, but could occur by chance. To more rigorously analyze the organization, correlation of tuning was measured between all sites recorded on each penetration. The sample consisted of 56 recordings from ten electrode penetrations in two monkeys. For each pair of recordings in each penetration, the distance between the recording sites was taken from the microdrive readings, and the correlation between their tunings to each class of stimuli was measured. Fig. 3A depicts the correlations between tunings to the heading stimuli, Fig. 3B shows the correlations between the tunings to linear motion stimuli, and Fig. 3C shows the same for the spiral space stimuli. In each panel, the dashed horizontal lines show the critical values of the correlation coefficient for which the null hypothesis (no correlation) can be rejected with 95% confidence, and the line through the points is a nine-point running mean. For all three types of stimuli, one can see a group of highly correlated tunings for distances less than about 0.5 mm. The correlations between single-and multiple-unit tunings (solid symbols) are approximately as good as those between multiple-unit recordings (open symbols), suggesting further that the properties of single units are similar to the local average. However, the clear correlations between multiple-unit recordings leave little doubt that neuronal tunings are more similar at nearby distances in cortex, showing some form of clustered organization. Because the angle of individual penetrations with respect to the cortical surface was unknown, the contribution of laminar and tangential components to this observed clustering remains open to speculation. However, given the prevalence of columnar organization elsewhere in visual Fig. 1 . Optic flow stimuli. These stimuli were presented on the face of a CRT screen situated 23 cm in front of the monkey. All consisted of high-contrast bright dots on a dark background (dot luminance 60 cd0m 2 , background Ͻ 1 cd0m 2 ). The stimuli were generated on a Pentium display computer using custom software, at a screen refresh rate of 72 Hz. The screen subtended 60 deg vertically by 80 deg horizontally, with a resolution of 1280 ϫ 1024 pixels. In all cases, the receptive field (RF) of the neuron(s) would be mapped using a bright, hand-moved bar or texture patch, and the stimulus would be centered over the most responsive region of the RF. (A-E) Dot stimuli simulating linear translation in three-dimensional space. (F-I) Two-dimensional "spiral space" stimuli. See text for details.
cortex, it seems likely that these are true columns in the accepted sense of the word.
Discussion
In this paper, I report the existence of clusters of neurons in area MST which show similar tuning for three different kinds of visual stimuli: linear motion, complex motion in a plane, and simulated 3-D motion. Reports of such organization have appeared previously in the literature Duffy & Wurtz, 1991; Lagae et al., 1994) , but these studies employed single classes of visual stimuli. In this paper, we extend these observations by employing multiple stimulus types and quantitative analysis.
These observations help us to understand the evidently complex response properties of MST. First, observations such as these help to support the notion that MST is importantly involved in optic flow processing, because optic flow is systematically organized there. Whether this is a consequence of the requirements of building such complex response properties, or of using such response properties, cannot be established from descriptive experiments such as these, but the observation clarifies the question. Measurements of local circuit anatomy might be called upon to support or refute the former idea, and microstimulation experiments might help to address the second. The two hypotheses, of course, are not mutually exclusive, and both seem reasonable.
More generally, these results speak to at least two major issues in cortical processing. First, I have clear and convincing evidence for statistical clustering of like response selectivities at nearby locations in area MST. This suggests that clustered organization, so widespread in primary areas, is also present in higher areas near the "top" of the information-processing hierarchy, on the dorsal Responses to "spiral space" stimuli, schematically illustrated below the axis. Recordings were obtained with Parylene-insulated tungsten microelectrodes advanced with a calibrated stepping motor microdrive (National Aperture, Salem, NH). Stimuli were 1 s in duration, and the integrated spike count for the entire stimulus period was the response metric. For these multiunit data, the overall activity is uninformative, so the responses in each location have been individually normalized. The numbers between the individual plots give the correlation coefficients for adjacent recording sites, and the numbers across the bottom indicate the correlations between the spiral space tunings at the indicated locations.
pathway as well as the ventral. While the present data do not address the exact anatomical arrangement of these clusters in MST, they do motivate more refined experiments addressing this question. For example, optical imaging of New World primate species, where MST lies on the surface, could explore the topography of the clusters across the cortical surface. Additionally, detailed reconstruction of recording sites in acute physiology experiments could determine tangential and laminar contributions to the clustering. The representation in area MST is particularly suitable for such experiments because it represents novel features not explicitly represented by its inputs. Thus, the clustering of these novel stimulus dimensions is unlikely to reflect point-to-point topographic connections, but is more likely to reflect computational demands, or the requirements of organizing information usefully for later stages of processing. It is unlikely, given the present data, that there will be an orderly "map" of higher order features, such as direction of heading, across the dimensions of MST, but such a representation might not be necessary to support the transformations used to convert retinal signals of optic flow into appropriate visually guided behavior. Correlations for eight directions of motion in "spiral space." Significant correlations were widespread across MST, with significant correlations found in 6010 penetrations for the data in A, and in 7010 penetrations for the measurements in B and C. Overall, 30% of cases at distances less than 0.5 mm were significantly correlated, while only 6% of those beyond this distance were.
